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Quantitative assessment of the effectiveness of water quality mitigation measures such as 12 
Nitrate Vulnerable Zones (NVZ) and Agricultural Stewardship Programmes (Worrall et al., 13 
2009; Deasy et al., 2010; Mian et al., 2010; Kay et al., 2012) is impeded by the current 14 
limitations of both process-based models (Rode et al., 2010; Guber et al., 2011) and 15 
empirical models (Rothwell et al., 2010) at catchment and regional scales. The current 16 
failure of models to provide accurate water quality predictions at catchment scales and 17 
beyond is founded in significant observational uncertainties of water quality parameters 18 
(McMillan et al., 2012) linked to our partial understanding of temporally dynamic source area 19 
contributions to water quality responses at the catchment outlet (Kirchner et al., 2000, 2004; 20 
Jordan et al., 2005; Harris & Heathwaite, 2005; Haygarth et al., 2005; Jarvie et al., 2010). 21 
These limitations critically restrict the predictive capacity of risk assessment frameworks for 22 
scientists and practitioners to forecast variable catchment scale water quality response and, 23 
in turn, to assess the resilience to environmental change, including human impacts (McIntyre 24 
et al., 2003). As a consequence, quantifications of the likelihood of exceedance of critical 25 
thresholds as well as identification of dynamic source area activation that may be used to 26 
target amelioration measures or adaptation and mitigation strategies are inhibited. 27 
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Therefore, the challenge is to improve predictions of chemical catchment behaviour in 28 
response to dynamic hydrological conditions at management relevant scales.  29 
1. Current limitations in predicting dynamic chemical behaviour of river basins: 30 
A major reason for the limited understanding of dynamic catchment hydrochemical 31 
behaviour is the current lack of appropriate monitoring data to derive mechanistic process 32 
understanding addressing the aforementioned challenges (Howden et al., 2011a). If 33 
catchments may be understood as diverse chemical reactors, characterised by spatially 34 
heterogeneous patterns of chemical reactivities, residence time distributions and flow 35 
proportioning, observations are usually limited to chemical conditions at the catchment 36 
outlets or, at its best, sub-catchment level. In contrast, most detailed biogeochemical 37 
process studies naturally range from small plot to hillslope scales, causing a paucity of 38 
overarching concepts that integrate small-scale process information and large-scale 39 
biogeochemical behaviour at the catchment outlet. This lack of large-scale perspectives on 40 
water quality variation inhibits a detailed quantitative analysis of complex spatio-temporal 41 
dynamics in chemical cycling required to underpin setting of environmental standards, 42 
development of assessment tools and evaluation of management options (Beck, 1987; 43 
Zheng & Keller, 2006, 2007a, b; Chin, 2009; Rode et al., 2010). 44 
Substantial progress has been made in high-frequency in-situ water quality sampling (Jordan 45 
et al., 2007, Cassidy & Jordan, 2011, Mellander et al., 2012; Neal et al., 2013) as well as 46 
statistical data analysis and signal processing to learn about intrinsic system behaviour (Neal 47 
et al., 2012; Kirchner et al., 2000, 2004; Kirchner & Neal, 2013). However, improvements in 48 
signal disaggregation for identifying process inference including interlinked spatial and 49 
temporal dynamics of source area contributions remain a challenge, limiting the 50 
quantification of catchment-scale implications of biogeochemical hotspots (McClain et al., 51 
2003; Lautz & Fanelli, 2008). Certainly, novel distributed sensor network technologies and 52 
advancements in remote sensing will continue to improve the spatial and temporal resolution 53 
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of monitoring networks for both hydrological and hydrochemical parameters, but 54 
observations of everything, everywhere will surely remain a dream. Hence, there is 55 
continued demand for improvement in the intelligent design of observational networks and 56 
the key question remains: “How to best design experimental networks that are capable of 57 
utilising spatially and temporally unsatisfying data?”.  58 
In comparison to discharge observation networks (reviewed by Hannah et al., 2011), 59 
monitoring networks of water quality parameters are even more sparsely distributed; e.g. the 60 
National River Flow Archive (http://www.ceh.ac.uk/data/nrfa/) of England and Wales covers 61 
> 1400 river flow stations with average record length ~25 yrs for at least daily time series 62 
while water quality parameters are usually monitored on a monthly basis at best. These 63 
spatially and temporally constrained water quality monitoring intervals limit the assessment 64 
of reactive transport at the catchment-scale, critically affecting in particular the interpretation 65 
of event-based transport and transformation of diffuse pollutants (Jordan et al., 2005, 66 
Cassidy & Jordan, 2011). 67 
Answers to this practically relevant question require improving the understanding of 68 
underlying mechanistic organisational principles that shape the distributions of observational 69 
data at the catchment scale. The International Association of Hydrological Sciences (IAHS) 70 
decade (2003-2012) on Predictions in Ungauged Basins (PUB) finished in 2012. This global 71 
initiative aimed to reduce uncertainties in hydrological predictions in poorly monitored river 72 
basins (Sivapalan, 2003, Hrachowitz et al., 2013). Although many open questions remain, 73 
significant advances have been made in conceptualisation of catchment hydrological 74 
behaviour, including spatially and temporally dynamic runoff generation and streamflow 75 
contributions, resulting in subsequent improvements in the capacity of predictions of 76 
catchment scale hydrological behaviour (Blöschl et al., 2013).  77 
2. Utilising PUB knowledge to learn about catchment biogeochemistry: 78 
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We propose that lessons learned from PUB, and in particular the developed catchment 79 
similarity schemes can help to improve the understanding of catchment biogeochemical 80 
behaviour. Transfer of PUB type thinking and concepts of catchment comparison to water 81 
quality predictions in poorly monitored basins has the potential to improve mechanistic 82 
process understanding, including the conceptualisation of process transferability between 83 
and across catchments. Comparative hydrology is based on the principle of investigating the 84 
specific event, seasonal or management related hydrological responses of catchments and 85 
analysing for similarity in other places in order to understand the complexity of process 86 
drivers and controls (Wagener et al., 2007; Blöschl et al., 2013). As Figure 1 indicates, this 87 
concept could be extended with adequate water quality data to better understand catchment 88 
biogeochemical responses to variable source area contributions, catchment physical 89 
properties, land use and land management practice or climatic forcing. This would improve 90 
capabilities not only for analysis and prediction of current conditions but also for projections 91 
of scenarios of environmental change, thus, linking to Panta Rhei, the ongoing IAHS 92 
Scientific Decade on “Change in Hydrology and Society” 93 
(http://distart119.ing.unibo.it/pantarhei/). 94 
To date, a range of catchment classification schemes have been developed in order to 95 
improve the understanding of hydrological process dynamics and conceptualise hydrological 96 
behaviour at catchment scales and across catchments (McDonnell & Woods, 2004, 97 
Wagener et al., 2007; McDonnell et al., 2007; Ali et al., 2012). Such schemes find 98 
application for predicting similarities in specific hydrologic signatures [e.g. flood frequency 99 
indices (Acreman& Sinclair, 1986; Castellarin et al., 2001; Sauquet & Catalogne, 2011) or 100 
subsurface and baseflow responses (Lyon & Troch., 2010, Kirkby et al., 2011)], or use 101 
combinations of hydrologic signatures for a more generic large scale organization of 102 
catchments (Hannah et al., 2005; Sawicz et al., 2011). 103 
 104 
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The general objective of catchment classification schemes is the organization of catchments 105 
into groups of similar hydrologic behaviour. The analysis is often based on observable 106 
physical catchment properties, assuming that these can be linked to hydrological behaviour, 107 
e.g. variability in streamflow (Yadav et al., 2007). This link can be implicit or explicit 108 
depending on the classification strategy followed. There have also been attempts to directly 109 
link the grouping of catchments to the parameters of specific models. There has, however, 110 
been evidence that the assumed relationship between “apparent similarity” as defined by the 111 
analysed catchment properties, and the expected “behavioural similarity” as output of 112 
hydrological model application, does not always coincide (Bower et al., 2004; Oudin et al., 113 
2010). The mismatch between apparent and behavioural similarity seems to be most 114 
pronounced across regions with similar catchment properties but marked variability in 115 
climatic forcing (Bower et al., 2004), or when the role of subsurface properties on catchment 116 
hydrological behaviour was poorly defined, or when such properties are simply unknown 117 
(Oudin et al., 2010). This highlights the important role of adequately selected physical 118 
properties as descriptors of hydrological behaviour. Although generally all classification 119 
schemes focus on identification and analysis of different types of similarity indices, usually 120 
based on catchment specific hydrological responses, there are open questions about 121 
appropriate metrics (Ali et al., 2012).  122 
 123 
The last couple of years have seen the development of a wide range of classification 124 
metrics, comprising catchment typology, topography and topology. Classifications are based 125 
on measures of fluxes, storages, mean transient times and response timescale as well as 126 
combinations thereof and include approaches that combine static catchment properties and 127 
dynamic catchment response (see Ali et al., 2012; Carrillo et al., 2011; Hrachowitz et al., 128 
2010; Patil& Stieglitz, 2011; Bouma et al., 2011; Capell et al., 2012; Sawicz et al., 2011). 129 
Conceptually, significant progress has been made in the synthesis of catchment hydrological 130 
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behaviour by learning from other disciplines about the functioning of organisational principles 131 
and resulting spatial patterns and temporal response dynamics (e.g. Schroeder, 2006). 132 
 133 
While the chemical signature of catchment discharge has been used partly to explain the 134 
hydrological behaviour of catchments, very few attempts have been made to apply recent 135 
catchment classification methods and similarity analysis approaches for the analysis of 136 
catchment biogeochemical behaviour (e.g. Poor et al., 2008). This seems rather surprising 137 
given the continuing high demand for improved conceptualisation of scale and time 138 
dependent catchment chemical behaviour for the efficient implementation of regulatory 139 
frameworks such as the European Water Framework and Nitrate Directives (WFD; 140 
2000/60/EU) that struggle in prioritising target areas for management and mitigation 141 
measures. 142 
 143 
3. Strategies for comparison of catchment biogeochemical behaviour: 144 
 145 
There has been a long history of catchment and river comparison studies aiming to improve 146 
understanding of controlling process dynamics of up-land export of dissolved organic 147 
carbon, and lowland and riparian nitrogen turnover. For example, the LINX (Lotic Intersite 148 
Nitrogen eXperiments) experiments provided valuable comparison of the nitrogen removal 149 
potential across biomes (Mulholland et al., 2008; 2009). Recently, there has furthermore 150 
been an increase in the development and application of quantitative approaches to estimate 151 
nitrogen or carbon delivery at catchment to national scales (Helliwell et al., 2007, Worrall et 152 
al., 2012a,b,c). The later are based on the development of export coefficient models using 153 
physical catchment characteristics to explain observed process dynamics and behaviour at 154 
the catchment outlet. Although these studies yield promising results, in particular with regard 155 
to the understanding of average, long term system dynamics, they mainly focus on analysing 156 
mean annual or seasonal behaviour, and thus do not usually consider event based nutrient 157 
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transport phenomena. These annual and seasonal metrics obscure important spatio- 158 
temporal heterogeneity, notably “hot spots” or “hot zones” of biogeochemical cycling that 159 
may have a disproportionally important impact (compared to their space-time scale) on 160 
nutrient turnover at catchment scales relevant for water and land resource management 161 
(Peterjohn & Correll, 1984; Johnston et al., 1990; McClain et al., 2004). Furthermore, the 162 
focus on long-term averages of system dynamics limits potential for assessment of 163 
intermediate system behaviour including system memory at seasonal and sub-seasonal 164 
scales.  165 
 166 
If catchment comparison approaches are to be deployed to support an adequate design of 167 
adaptation and mitigation strategies then these have to synthesise the complexity and high 168 
resolution of biogeochemical catchment responses to variable loading terms, source zone 169 
activation and heterogeneous biogeochemical reactivity at definitely sub-annual scale, 170 
probably even sub-seasonal to event scale (Figure 1). They have to be able to incorporate 171 
potentially fast dynamics and turnover but also account for long-term residence-time 172 
controlled memory effects of the system. Building on a successful UK example, we propose 173 
that current regional to national scale Export Coefficient Models (ECM, see Worrall et al., 174 
2012 a, b, c) can be adapted to inform the development of similarity frameworks that account 175 
for  dynamic biochemical catchment behaviour and responses.  176 
 177 
Incorporation of short-term system dynamics into current ECM at management relevant 178 
catchment scales would ideally require long-term datasets of high temporal resolution. Most 179 
existing datasets are either high resolution and short-term or lower resolution (often with 180 
variable sampling frequency) and longer term. However, long-term high resolution archives 181 
are rare. Hence, the implementation of new types of ECM for comparison of catchment 182 
chemical responses will require creative approaches and innovative strategies to combine 183 
spatially and temporally “unsatisfying” data. There are several possible ways of bridging the 184 
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gap between what we would like and what we have. Firstly, while most data from monitoring 185 
programmes is of low temporal frequency (e.g. monthly) we often have long series of it. In an 186 
extreme case the longest monitoring record in the World (River Thames, UK) goes back to 187 
1868 (Howden et al., 2010, 2011a) and 30 years of monthly spot samples, representing the 188 
numeric equivalent to a year’s worth of daily spot. However, although similar in numbers, the 189 
coverage of characteristic flow conditions would obviously be likely to differ between daily 190 
and monthly spot sampling. The problem with comparing long-term spot sampling to high 191 
frequency spot sampling is to ensure that the long term record can be made stationary with 192 
respect to time (Howden et al., 2011b). Secondly, many water quality monitoring sites are 193 
co-located with streamflow gauging stations and so the context of each water quality data 194 
point can be known. Therefore, one issue for this research is the development of statistical 195 
techniques that can contextualise data in order to reconstruct data distributions of interest 196 
(e.g. removal of systematic bias diurnal variations (Worrall et al., 2013)) and can handle 197 
situations where water quality and gauging stations are not co-located. Thirdly, many 198 
monitoring programmes have reasonable spatial coverage, e.g. in the UK there are 272 199 
monitoring points used as part of the Harmonised Monitoring Scheme (Simpson, 1980). With 200 
this third possibility in mind there is a great potential for applying concepts developed during 201 
the PUB initiative for the analysis of similarity in catchment hydrological behaviour resolution. 202 
This will help to strengthen mechanistic understanding of the conceptual relationship 203 
between observed apparent similarity based on observations of chemical dynamics at the 204 
catchment outlet and inferred behavioural similarity.  205 
 206 
In addition, the development of new, high-frequency sampling schemes has promising 207 
potential for improved conceptualisation of high-resolution chemical responses to 208 
hydrological dynamics. In the UK, high frequency (sub hourly) monitoring of nutrient 209 
speciation at the DEFRA DTCs (Demonstration Test Catchments) are providing first insights 210 
into selected management implications on water quality at sub-daily and sub-catchment 211 
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scales (Owen et al., 2012). Further efforts will be required to conceptualise the knowledge 212 
gained from the generally rather small-scale, impact oriented studies in order to support 213 
transferability to unmonitored and larger scales. Furthermore, the nearly 30 year time series 214 
of sub-daily sampling of discharge and water quality parameters of the Plynlimon study (Neal 215 
et al., 2012; 2013) provide suitable data for identifying catchment chemical responses to 216 
dynamic hydrological behaviour. Even though the unique dataset with observations of up to 217 
7-hour intervals provides mainly information on major element dynamics and does not 218 
include redox-sensitive speciation of nutrients for instance, the application of fractal scaling 219 
technologies for the analysis of water quality trends (Kirchner et al., 2000; 2013) highlights 220 
the enormous potential for the inference of process behaviour from high-resolution chemical 221 
data. Such high frequency datasets can not only be examined to understand hydrological 222 
behaviour but also to develop methods for improved handling of low frequency data [e.g. 223 
assessing bias in low frequency methods (Cassidy and Jordan, 2011)] and for improving our 224 
approaches to low frequency data (Worrall et al., in press). 225 
 226 
Future investigations may focus in particular on the comparison of the trend behaviour of 227 
reactive and rather conservative species with variable transport properties and chemical 228 
kinetics to deduce chemical behaviour of different systems. The identification and 229 
comparison of lag time variance and response functions provides the potential to learn about 230 
the compound specific “system memory” resulting from flow path dependent chemical 231 
turnover and residence time distributions (Figure 1).  232 
 233 
In addition to improved sampling frequencies at a limited number of selected monitoring 234 
locations, the increasing application of novel distributed sensor networks such as Fibre-Optic 235 
Distributed Temperature Sensing (Selker et al., 2006; Tyler et al., 2009; Krause et al., 2012; 236 
Krause & Blume, 2013) or such in-situ analysis technologies as ion selective electrodes (Le 237 
Goff et al., 2003; Scholefield et al., 2005) and real-time fluorometry (Carstea et al., 2009; 238 
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2010) will improve the current toolkit for analysing dynamic catchment responses. In addition 239 
to improving spatial and temporal data resolution in support of catchment chemical similarity 240 
studies, the developed classification schemes provide the potential for identifying trade-offs 241 
between spatially and temporally limited data in order to help to improve future designs of 242 
intelligent and adaptive monitoring networks. 243 
 244 
Hence, we encourage the scientific community to seek further integration of applications of 245 
advanced real time sensing technologies and novel distributed sensor networks to enhance 246 
the data base of improved comparative analyses of catchment similarity. We would, 247 
therefore, like to stimulate a discussion that uses the legacy of PUB and other initiatives as 248 
an inspiration for a continued community effort advancing these investigations from a rather 249 
observational character towards predictions of catchment chemical responses and 250 
behaviour. 251 
 252 
 253 
 254 
Figure 1:  Comparison of variable catchment  responses to similar precipitation events with 255 
example hydrographs and phosphate, nitrate response functions (bottom) in relation to 256 
catchment properties and source area activation (top) of an example upland catchment with 257 
extensive moorland and shallow soil depth (right, Southern Cumbria, UK) and a catchment 258 
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with extensive, agricultural floodplain sections and deep soils surrounded by partly 259 
deforested foothills (left, Canterbury Plains, NZ)  260 
 261 
 262 
References: 263 
Acreman M.C. and C.D. Sinclair. (1986). Classification of drainage basins according to their 264 
physical characteristics; an application for flood frequency analysis in Scotland, Journal of 265 
Hydrology. 84(3–4), 365-380, http://dx.doi.org/10.1016/0022-1694(86)90134-4. 266 
Ali G., Tetzlaff D., Soulsby C., McDonnell J.J. Capell R. (2012) A comparison of similarity 267 
indices for catchment classification using a cross-regional dataset. Advances in Water 268 
Resources 40 (2012) 11–22 269 
Beck, M. B. (1987), Water quality modeling: A review of the analysis of uncertainty, Water 270 
Resour. Res., 23(8), 1393–1442, doi:10.1029/WR023i008p01393.  271 
Blöschl G., Sivapalan M., Wagener T., Viglione A., Savenije H. (eds) (2013). Runoff 272 
Prediction in Ungauged Basins: Synthesis across Processes, Places and Scales. Cambridge 273 
University Press, 484 pages 274 
Bower, D., Hannah, D. M. and McGregor, G. R. (2004), Techniques for assessing the 275 
climatic sensitivity of river flow regimes. Hydrol. Process., 18: 2515–2543. 276 
doi: 10.1002/hyp.1479  277 
Bouma, J., Droogers, P., Sonneveld, M. P. W., Ritsema, C. J., Hunink, J. E., 278 
Immerzeel, W. W., and Kauffman, S.: Hydropedological insights when considering 279 
catchment classification, Hydrol. Earth Syst. Sci., 15, 1909-1919, doi:10.5194/hess-15-1909-280 
2011, 2011. 281 
12 
 
Capell, R., Tetzlaff, D., Hartley, A. J. and Soulsby, C. (2012), Linking metrics of hydrological 282 
function and transit times to landscape controls in a heterogeneous mesoscale catchment. 283 
Hydrol. Process., 26: 405–420. doi: 10.1002/hyp.8139 284 
Carrillo, G., Troch, P.A., Sivapalan, M., Wagener, T., Harman, C. and Sawicz, K. 2011. 285 
Catchment classification: Hydrological analysis of catchment behavior through process-286 
based modeling. Hydrology and Earth System Sciences, 15, 3411-3430.doi:10.5194/hess-287 
15-3411-2011 288 
Carstea, E. M., Baker, A., Pavelescu, G. and Boomer, I. (2009), Continuous fluorescence 289 
assessment of organic matter variability on the Bournbrook River, Birmingham, UK. Hydrol. 290 
Process., 23: 1937–1946. doi: 10.1002/hyp.7335 291 
Carstea, E.M., Baker, A., Bieroza, M., Ryenolds, D.M. (2010).Continuous fluorescence 292 
excitation-emission monitoring of river organic matter. Water Research, 44, 5356-5366. 293 
Cassidy, R. and Jordan, P. (2011) Limitations of instantaneous water quality sampling in 294 
surface-water catchments: Comparison with near-continuous phosphorus time-series data. 295 
JOURNAL OF HYDROLOGY, 405 (1-2).pp. 182-193. 296 
Castellarin A., Burn D.H., Brath A. (2001). Assessing the effectiveness of hydrological 297 
similarity measures for flood frequency analysis, Journal of Hydrology. 241(3–4), 270-285, 298 
http://dx.doi.org/10.1016/S0022-1694(00)00383-8. 299 
Chin, D. (2009). Predictive Uncertainty in Water-Quality Modeling. J. Environ. Eng., 135(12), 300 
1315–1325. 301 
Deasy C., Quinton J.N., Silgram M., Bailey A.P., Jackson B., Stevens C.J. (2010). 302 
Contributing understanding of mitigation options for phosphorus and sediment to a review of 303 
the efficacy of contemporary agricultural stewardship measures. Agricultural Systems. 103 304 
(2), 105-109, http://dx.doi.org/10.1016/j.agsy.2009.10.003. 305 
Funtowicz S.O. and Ravetz J.R. (1993). Science for the post-normal age, Futures. 25(7), 306 
739-755, http://dx.doi.org/10.1016/0016-3287(93)90022-L. 307 
13 
 
Guber, A. K., Pachepsky, Y. A., Yakirevich, A. M., Shelton, D. R., Sadeghi, A. M., Goodrich, 308 
D. C. and Unkrich, C. L. (2011), Uncertainty in modelling of faecal coliform overland 309 
transport associated with manure application in Maryland. Hydrol. Process., 25: 2393–2404. 310 
doi: 10.1002/hyp.8003 311 
Hannah D.M., Kansakar S.R., Gerrard A.J. and Rees G. (2005), Flow regimes of Himalayan 312 
rivers of Nepal: Their nature and spatial patterns, Journal of Hydrology, 308, 18-32 313 
Hannah D.M., Demuth S., van Lanen H.A.J., Looser U., Prudhomme C., Rees G., Stahl K. 314 
and Tallaksen L.M. (2011), Large-scale river flow archives: importance, current status and 315 
future needs, Hydrological Processes, 25, 1191–1200 DOI: 10.1002/hyp.7794  316 
Harris, G. and Heathwaite, A.L. (2005). Inadmissible evidence: knowledge and prediction in 317 
land and riverscapes. J. Hydrol., 304., 3–19. 318 
Haygarth, P.M., Condron, L.M., Heathwaite, A.L., Turner, B.L. and Harris, G.P. (2005). The 319 
phosphorus transfer continuum: Linking source to impact with an interdisciplinary and multi-320 
scaled approach. Sci. Total Environ., 344, 5–14. 321 
Helliwell, R. C., Coull, M. C., Davies, J. J. L., Evans, C. D., Norris, D., Ferrier, R. C., 322 
Jenkins, A., and Reynolds, B. (2007). The role of catchment characteristics in determining 323 
surface water nitrogen in four upland regions in the UK, Hydrol. Earth Syst. Sci., 11, 356-324 
371, doi:10.5194/hess-11-356-2007. 325 
Howden, N.J.K., Burt, T.P., Worrall, F., Whelan, M.J., (2010). Nitrate concentrations and 326 
fluxes in the River Thames 1868 to 2008: the long-term impact of land-use change. 327 
Hydrological Processes 24, 18, 2657-2662. 328 
Howden, N.J.K., Burt, T.P., Worrall, F., Mathias, S.A., Whelan, M.J., (2011a). Nitrate 329 
pollution in intensively farmed regions: What are the prospects for sustaining high-quality 330 
groundwater?, Water Resources Research, 47, W00L02, doi:10.1029/ 2011WR010843. 331 
Howden, N.J.K., Burt, T.P., Worrall, F., Whelan, M.J. (2011b). Monitoring fluvial water 332 
chemistry for trend detection: hydrological variability masks trends in datasets covering 333 
14 
 
fewer than 12 years, Journal of Environmental Monitoring, 13 (3), 514-521, doi: 334 
10.1039/c0em00722f. 335 
Hrachowitz, M., Soulsby, C., Tetzlaff, D. and Speed, M. (2010), Catchment transit times and 336 
landscape controls—does scale matter?.Hydrol. Process., 24: 117–125. 337 
doi: 10.1002/hyp.7510 338 
Hrachowitz, M., Savenije, H.H.G., Blöschl, G., McDonnell, J.J., Sivapalan, M., Pomeroy, 339 
J.W., Arheimer, B., Blume, T., Clark, M.P., Ehret, U., Fenicia, F., Freer, J.E., Gelfan, A., 340 
Gupta, H.V., Hughes, D.A., Hut, R.W., Montanari, A., Pande, S., Tetzlaff, D., Troch, P.A., 341 
Uhlenbrook, S., Wagener, T., Winsemius, H.C., Woods, R.A., Zehe, E., and Cudennec, C., 342 
2013. A decade of Predictions in Ungauged Basins (PUB)—a review.Hydrological Sciences 343 
Journal, 58 (6), 1–58, doi: 10.1080/02626667.2013.803183. 344 
Jarvie, H.P., Withers, P.J.A., Bowes, M.J., Palmer-Felgate, E.J., Harper, D.M., Wasiak, K., 345 
Wasiak, P., Hodgkinson, R.A., Bates, A., Stoate, C., Neal, M., Wickham, H.D., Harman, S.A. 346 
and Armstrong, L.K. (2010). Streamwater phosphorus and nitrogen across a gradient in 347 
ruralagricultural land use intensity. Agric. Ecosyst. Environ. 135, 238–252. 348 
Johnston CA, Detenbeck NE, Niemi GJ. (1990). The cumulative effect of wetlands on stream 349 
water quality and quantity.Biogeochemistry 10:105–41. 350 
Jordan, Philip, Arnscheidt, Joerg, McGrogan, H and McCormick, S (2005) High-351 
resolution phosphorus transfers at the catchment scale: the hidden importance of non-storm 352 
transfers. HYDROLOGY AND EARTH SYSTEM SCIENCES, 9 (6).pp. 685-691. 353 
Jordan, Philip, Arnscheidt, Joerg, McGrogan, H. and McCormick, S. (2007) Characterising 354 
phosphorus transfers in rural catchments using a continuous bank-side analyser. 355 
HYDROLOGY AND EARTH SYSTEM SCIENCES, 11 (1).pp. 372-381. 356 
Kay P., Grayson R., Phillips M., Stanley K., Dodsworth A., Hanson A., Walker A., Foulger 357 
M., McDonnell I., Taylor S. (2012). The effectiveness of agricultural stewardship for 358 
improving water quality at the catchment scale: Experiences from an NVZ and ECSFDI 359 
15 
 
watershed. Journal of Hydrology, 422–423, 10-16, 360 
http://dx.doi.org/10.1016/j.jhydrol.2011.12.005. 361 
Kirchner, J.W., Feng, X.H. and Neal, C. (2000). Fractal stream chemistry and its implications 362 
for contaminant transport in catchments. Nature, 403, 524–527. 363 
Kirchner, J.W., Feng, X.H., Neal, C. and Robson, A.J. (2004). The fine structure of water-364 
quality dynamics: the (highfrequency) wave of the future. Hydrol. Process. 18, 1353–1359. 365 
Kirchner, J.W. and C. Neal (2013). Universal fractal scaling in stream chemistry and its 366 
implications for solute transport and water quality trend detection, Proceedings of the 367 
National Academy of Sciences, 110 (30), 12213-12218, doi: 10.1073/pnas.1304328110 368 
Kirkby, M. J., Gallart, F., Kjeldsen, T. R., Irvine, B. J., Froebrich, J., Lo Porto, A., 369 
De Girolamo, A., and the MIRAGE team: Classifying low flow hydrological regimes at a 370 
regional scale, Hydrol. Earth Syst. Sci., 15, 3741-3750, doi:10.5194/hess-15-3741-2011, 371 
2011. 372 
Krause S., T. Blume, N.J. Cassidy. (2012) Application of Fibre-optic DTS to identify 373 
streambed controls on aquifer-river exchange fluxes in lowland rivers. Hydrol. Earth Syst. 374 
Sci., 16 (6), 1775-1792, DOI: 10.5194/hess-16-1775-2012  375 
Krause, S. and T. Blume. (2013). Impact of seasonal variability and monitoring mode on the 376 
adequacy of fiber-optic distributed temperature sensing at aquifer-river interfaces, Water 377 
Resour. Res., 49, 2408–2423, doi:10.1002/wrcr20232. 378 
Lautz LK, RM Fanelli. (2008). Seasonal biogeochemical hotspots in the streambed around 379 
restoration structures. Biogeochemistry, 91(1): 85-104.  380 
Le Goff, T., J. Braven, L. Ebdon, and D. Scholefield.  (2003). Automatic continuous river 381 
monitoring of nitrate using a novel ion-selective electrode. J. Environ. Monitoring. 5(2): 353–382 
358. 383 
16 
 
Lyon, S. W., and P. A. Troch (2010), Development and application of a catchment similarity 384 
index for subsurface flow, Water Resour. Res., 46, W03511, doi:10.1029/2009WR008500 385 
McClain ME, Boyer EW, Dent CL, Gergel SE, Grimm NB, Groffman PM, Hart SC, Harvey 386 
JW, Johnston CA, Mayorga E, McDowell WH, Pinay G. (2003). Biogeochemical hot spots 387 
and hot moments at the interface of terrestrial and aquatic ecosystems.Ecosystems 6: 301-388 
312. 389 
McDonnell, J.J., & Woods, R. (2004). On the need for catchment classification.Journal of 390 
Hydrology, 299(1-2), 2-3, doi: 10.1016/j.jhydrol.2004.09.003 391 
McDonnell, J. J., et al. (2007), Moving beyond heterogeneity and process complexity: A new 392 
vision for watershed hydrology, Water Resour. Res., 43, W07301, 393 
doi:10.1029/2006WR005467 394 
McIntyre, N., Wagener, T., Wheater, H.S. and Chapra, S.C. 2003. Risk-based modelling of 395 
surface water quality: a case study of the Charles River, Massachusetts. Journal of 396 
Hydrology, 274, 225-247. 397 
McMillan, H., Krueger, T. and Freer, J. (2012), Benchmarking observational uncertainties for 398 
hydrology: rainfall, river discharge and water quality. Hydrol. Process., 26: 4078–4111. 399 
doi: 10.1002/hyp.9384 400 
Mian I.A., Begum S., Riaz M., Ridealgh M., McClean C.J., Cresser M.S. (2010). Spatial and 401 
temporal trends in nitrate concentrations in the River Derwent, North Yorkshire, and its need 402 
for NVZ status. Science of the Total Environment. 408 (4), 702-712, 403 
http://dx.doi.org/10.1016/j.scitotenv.2009.11.020. 404 
Mulholland, P. J. A. M. Helton, G. C. Poole, R. O. Hall, Jr., S. K. Hamilton, B. J. Peterson, J. 405 
L. Tank, L. R. Ashkenas, L. W. Cooper, C. N. Dahm, W. K. Dodds, S. Findlay, S. V. Gregory, 406 
N. B. Grimm, S. L. Johnson, W. H. McDowell, J. L. Meyer, H. M. Valett, J. R. Webster, C. 407 
Arango, J. J. Beaulieu, M. J. Bernot, A. J. Burgin, C. Crenshaw, L. Johnson, J. Merriam, B. 408 
R. Niederlehner, J. M. O'Brien, J. D. Potter, R.W. Sheibley, D. J. Sobota, and S. M. Thomas. 409 
17 
 
(2008). Stream denitrification across biomes and its response to anthropogenic nitrate 410 
loading. Nature 452:202-205. 411 
Mulholland, P. J, , R. O. Hall, Jr., D. J. Sobota, W. K. Dodds, S. Findlay, , N. B. Grimm, S. K. 412 
Hamilton, W. H. McDowell, J. M. O'Brien, J. L. Tank, L.R. Ashkenas, L. W. Cooper, C. N. 413 
Dahm, S. V. Gregory, S. L. Johnson, J. L. Meyer, B. J. Peterson, G. C. Poole, H. M. Valett, 414 
J. R. Webster, C. Arango, J. J. Beaulieu, M. J. Bernot, A. J. Burgin, C. Crenshaw, A. M. 415 
Helton, L. Johnson, B. R. Niederlehner, J. D. Potter, R. W. Sheibley, and S. M. Thomas. 416 
(2009). Nitrate removal in stream ecosystems measured by 15N addition experiments: 417 
denitrification. Limnology and Oceanography 54: 666-680. 418 
Mellander, Per-Erik, Melland, Alice R., Jordan, Philip, Wall, David P., Murphy, Paul N.C. and 419 
Shortle, Ger (2012). Quantifying nutrient transfer pathways in agricultural catchments using 420 
high temporal resolution data. Environmental Science and Policy, 24. pp. 44-57. 421 
Neal C., Reynolds B., Rowland P., Norris D., Kirchner J.W., Neal M., Sleep D., Lawlor A., 422 
Woods C., Thacker S., Guyatt H., Vincent C., Hockenhull K., Wickham H., Harman S., 423 
Armstrong L. (2012). High-frequency water quality time series in precipitation and 424 
streamflow: From fragmentary signals to scientific challenge. Science of the Total 425 
Environment, 434, 3–12. http://dx.doi.org/10.1016/j.scitotenv.2011.10.072 426 
Neal, C., B. Reynolds, J.W. Kirchner, P. Rowland, D. Norris, D. Sleep, A. Lawlor, C. Woods, 427 
S. Thacker, H. Guyatt, C. Vincent, K. Lehto, S. Grant, J. Williams, M. Neal, H. Wickham, S. 428 
Harman, L. Armstrong (2013). High-frequency precipitation and stream water quality time 429 
series from Plynlimon, Wales: an openly accessible data resource spanning the periodic 430 
table, Hydrological Processes, 27, 2531-2539, DOI: 10.1002/hyp.9814 431 
Oudin, L., A. Kay, V. Andréassian, and C. Perrin (2010). Are seemingly physically similar 432 
catchments truly hydrologically similar?, Water Resour. Res., 46, W11558, 433 
doi:10.1029/2009WR008887. 434 
18 
 
Owen, G. J., Perks, M. T., Benskin, C. M. H., Wilkinson, M. E., Jonczyk, J. and Quinn, P. F. 435 
(2012), Monitoring agricultural diffuse pollution through a dense monitoring network in the 436 
River Eden Demonstration Test Catchment, Cumbria, UK. Area, 44: 443–437 
453.doi: 10.1111/j.1475-4762.2012.01107.x 438 
Patil, S. and Stieglitz, M. (2011). Hydrologic similarity among catchments under variable flow 439 
conditions, Hydrol. Earth Syst. Sci., 15, 989-997, doi:10.5194/hess-15-989-2011 440 
Peterjohn WT, Correll DL. (1984). Nutrient dynamics in an agricultural watershed.Ecology 441 
65:1466–75. 442 
Poor C.J.,  McDonnell J.J:, Bolte J. (2008). Testing the Hydrological Landscape Unit 443 
Classification System and Other Terrain Analysis Measures for Predicting Low-Flow Nitrate 444 
and Chloride in Watersheds. Environmental Management (2008) 42:877–893. DOI 445 
10.1007/s00267-008-9168-5  446 
Rode, M., Arhonditsis, G., Balin, D., Kebede, T., Krysanova, V., van Griensven, A. and van 447 
der Zee, S. E. A. T. M. (2010), New challenges in integrated water quality modelling. Hydrol. 448 
Process., 24: 3447–3461. doi: 10.1002/hyp.7766 449 
Rothwell J.J., Dise N.B., Taylor K.G., Allott T.E.H., Scholefield P., Davies H., Neal C. (2010). 450 
Predicting river water quality across North West England using catchment characteristics. 451 
Journal of Hydrology. 395 (3–4), 153-162. http://dx.doi.org/10.1016/j.jhydrol.2010.10.015. 452 
Sauquet, E. and Catalogne, C. (2011). Comparison of catchment grouping methods for flow 453 
duration curve estimation at ungauged sites in France, Hydrol. Earth Syst. Sci., 15, 2421-454 
2435, doi:10.5194/hess-15-2421-2011. 455 
Sawicz, K., Wagener, T., Sivapalan, M., Troch, P. A., and Carrillo, G. (2011). Catchment 456 
classification: empirical analysis of hydrologic similarity based on catchment function in the 457 
eastern USA, Hydrol. Earth Syst. Sci., 15, 2895-2911, doi:10.5194/hess-15-2895-2011. 458 
19 
 
Scholefield, D., T. Le Goff, J. Braven, L. Ebdon, T.  Long, and M. Butler. (2005). Concerted 459 
diurnal patterns in riverine nutrient concentrations and physical conditions. Sci. Tot. Environ. 460 
344(1–3): 201–210  461 
Schröder, B. (2006). Pattern, process, and function in landscape ecology and catchment 462 
hydrology – how can quantitative landscape ecology support predictions in ungauged 463 
basins?,Hydrol. Earth Syst. Sci., 10, 967-979, doi:10.5194/hess-10-967-2006 464 
Selker, J.S.;Thévanaz, L.; Huwald, H.; Mallet, A.; Luxemburg, W.; van de Giesen, N.; 465 
Stejskal, M.; Zeman, J.; Westhoff, M.C.; Parlange, M.B. (2006). Distributed fiber-optic 466 
temperature sensing for hydrologic systems. Water Resour. Res., 42, 467 
doi:10.1029/2006WR005326. 468 
Simpson, E.A., 1980. The harmonization of the monitoring of the quality of rivers in the 469 
United Kingdom. Hydrological Sciences Bulletin 25: 13-23. 470 
Sivapalan, M. (2003), Prediction in ungauged basins: a grand challenge for theoretical 471 
hydrology. Hydrol. Process., 17: 3163–3170. doi: 10.1002/hyp.5155 472 
Tyler, S.W.; Selker, J.S.; Hausner, M.B.; Hatch, C.E.; Torgersen, T.; Thodal, C.E.; 473 
Schladow, S.G. (2009).  Environmental temperature sensing using Raman spectra DTS 474 
fiber-optic methods.Water Resour. Res., 45, doi:10.1029/2008WR007052. 475 
Wagener, T., Sivapalan, M., Troch, P. and Woods, R. 2007.Catchment classification and 476 
hydrologic similarity. Geography Compass, 1(4), 901, doi:10.1111/j.1749-8198.2007.00039.x  477 
Worrall F., Spencer E., Burt T.P. (2009). The effectiveness of nitrate vulnerable zones for 478 
limiting surface water nitrate concentrations. Journal of Hydrology. 370 (1–4), 21-28, 479 
http://dx.doi.org/10.1016/j.jhydrol.2009.02.036. 480 
Worrall F, Davies H, Burt T, Howden NJK, Whelan MJ, Bhogal A & Lilly, A. (2012). The flux 481 
of dissolved nitrogen from the UK - Evaluating the role of soils and land use. Science of the 482 
Total Environment, 434., 90-100  483 
20 
 
Worrall F., Davies H., Bhogal A., Lilly A., Evans M., Turner K., Burt T., Barraclough D., Smith 484 
P., Merrington G. (2012. The flux of DOC from the UK – Predicting the role of soils, land use 485 
and net watershed losses, Journal of Hydrology, 448–449, 149-160, 486 
http://dx.doi.org/10.1016/j.jhydrol.2012.04.053 487 
Worrall F., Burt T.P., Howden N.J.K., Whelan M.J. (2012). The fluvial flux of nitrate from the 488 
UK terrestrial biosphere – An estimate of national-scale in-stream nitrate loss using an 489 
export coefficient model. Journal of Hydrology. 414-415. 31-39. 490 
doi:10.1016/j.jhydrol.2011.09.020 491 
Worrall F, Howden NJK, Moody CS, Burt TP. 2013. Correction of fluvial fluxes of chemical 492 
species for diurnal variation. Journal of Hydrology 481: 1-11. 493 
Worrall, F., Howden, NJK., and TP. Burt. Assessment of sample frequency bias and 494 
precision in fluvial flux calculations – an improved low bias estimation method. Jour Hydrol. 495 
(in press). 496 
Yadav M., Wagener T., Gupta H. (2007). Regionalization of constraints on expected 497 
watershed response behavior for improved predictions in ungauged basins, Advances in 498 
Water Resources, 30, 1756-1774, http://dx.doi.org/10.1016/j.advwatres.2007.01.005. 499 
Zheng, Y., and A. A. Keller (2006), Understanding parameter sensitivity and its management 500 
implications in watershed-scale water quality modeling, Water Resour. Res., 42, W05402, 501 
doi:10.1029/2005WR004539.  502 
Zheng, Y., and A. A. Keller (2007a), Uncertainty assessment in watershed-scale water 503 
quality modeling and management: 1. Framework and application of generalized likelihood 504 
uncertainty estimation (GLUE) approach, Water Resour. Res., 43, W08407, 505 
doi:10.1029/2006WR005345.  506 
Zheng, Y., and A. A. Keller (2007b), Uncertainty assessment in watershed-scale water 507 
quality modeling and management: 2. Management objectives constrained analysis of 508 
uncertainty (MOCAU), Water Resour. Res., 43, W08408, doi:10.1029/2006WR005346. 509 
